CKD progresses more rapidly to ESRD among African Americans compared with Caucasians. Disordered mineral metabolism is more severe among African Americans with CKD, which might partially explain the accelerated progression of their kidney disease. Here, using data from the African American Study of Kidney Disease and Hypertension, we evaluated longitudinal changes in serum levels of fibroblast growth factor-23 (FGF23), parathyroid hormone (PTH), phosphate, and 25-hydroxyvitamin D in a subset of 420 participants followed for a median of 4 years. We also examined the association of baseline levels of mineral metabolites with risk for ESRD or death in 809 participants. FGF23, PTH, and phosphate levels rose over time; participants with faster rates of decline in measured GFR had the greatest increases in these parameters (P,0.01 for each). Higher baseline levels of FGF23, PTH, and phosphate each associated with increased risk for ESRD or death independent of GFR. FGF23 exhibited a dose-response relationship with outcomes (HR=1.30 per doubling, 95% CI=1.15-1.47; HR=2.24 for highest compared with lowest quartile, 95% CI=1.39-3.60), whereas PTH and phosphate showed nonlinear relationships. Vitamin D insufficiency (,30 ng/ml) was present in 95% of participants, but lower levels did not independently associate with outcomes. Using death-censored ESRD as the outcome produced qualitatively similar results. In conclusion, abnormalities of mineral metabolism worsen with progressive CKD and associate with higher risk for ESRD among African Americans with hypertensive nephrosclerosis.
African Americans represent approximately 14% of the US population, but they constitute 31% of patients undergoing treatment for ESRD. 1, 2 Genetic susceptibility to certain forms of CKD and more rapid rates of progression of established CKD contribute to the disproportionate burden of ESRD among African Americans compared with Caucasians. 3, 4 Even in the setting of optimal BP control using renin-angiotensin system antagonists that slow progression of CKD, African Americans experience unacceptably high rates of renal failure. 5 To improve renal outcomes in this high-risk population, additional modifiable mechanisms of CKD progression must be identified.
Disordered mineral metabolism is associated with adverse outcomes in CKD, and cross-sectional studies suggest earlier onset and greater severity among African Americans compared with Caucasians. For example, at comparable levels of estimated GFR, African Americans manifest lower levels of 25-hydroxyvitamin D and higher levels of parathyroid hormone (PTH), serum phosphate, and fibroblast growth factor-23 (FGF23). [6] [7] [8] Abnormal levels of these individual mineral metabolites have been associated with greater risks of mortality and cardiovascular disease, [9] [10] [11] [12] [13] [14] [15] [16] but analyses of risk of progression to ESRD yielded less consistent results, perhaps because of methodological limitations. [13] [14] [15] [16] [17] [18] [19] [20] Foremost among these limitations is difficulty discerning whether abnormal levels of mineral metabolites are true risk factors for CKD progression, or instead, if they simply identify individuals with more advanced and rapidly progressive CKD. Addressing this limitation requires the ability to control for precise assessments of baseline GFR and the baseline rate of GFR decline when mineral metabolism exposures are ascertained. Few, if any, previous studies of mineral metabolism and risk of ESRD incorporated longitudinal assessments of directly measured GFR, and few studies specifically evaluated a panel of mineral metabolites in high-risk African-American populations.
The African American Study of Kidney Disease and Hypertension (AASK) was a randomized clinical trial that examined the effect of BP management strategies on the risk of CKD progression in African Americans with hypertensive nephrosclerosis. 21 After the trial, additional follow-up was collected in an observational cohort phase. 22, 23 By design, AASK maintained tight protocolized BP control and performed repeated gold-standard measurements of 125 I-iothalamate GFR with long-term follow-up for clinical events, making it an ideal cohort to study risk factors for CKD progression. In this study, we measured serum levels of FGF23, PTH, phosphate, and 25-hydroxyvitamin D at baseline and longitudinally in AASK participants, and we evaluated the associations of longitudinal change in each mineral metabolite with changes in 125 I-iothalamate GFR. Next, we tested the hypothesis that abnormal levels of mineral metabolites are associated with greater risk of progression to ESRD independent of direct measures of GFR.
RESULTS

Study Population
The study population included 809 participants from AASK who had serum samples available for measurement of mineral metabolites at the 12-month follow-up visit of the trial phase. Characteristics of the study population and measures of mineral metabolites at the 12-month follow-up visit are described in Table 1 . The mean 125 I-iothalamate GFR at the 12-month visit was 45.2617.9 ml/min per 1.73 m 2 . The mean annualized slope of decline in 125 I-iothalamate GFR, beginning at month 3 postrandomization (as defined by the AASK study investigators 21, 24 ) and ending at month 12 (when mineral metabolites were first measured), was 21.5562.20 ml/ min per 1.73 m 2 per year (mean=2.3 GFR measurements per participant).
Laboratory characteristics according to ascending quartiles of FGF23, PTH, serum phosphate, and 25-hydroxyvitamin D are presented in Supplemental Table 1 . Unlike previous studies, 13 PTH was more strongly correlated with 125 I-iothalamate GFR (r = 20.55; P,0.001) than FGF23 (r = 20.39; P,0.001) or serum phosphate (r = 20.36; P,0.001); 25-hydroxyvitamin D was not correlated with GFR (P=0.90). In the AASK trial, participants were randomized in a 233 factorial design to a standard versus low BP goal and one of three primary antihypertensives (amlodipine, metoprolol, or ramipril). 5 Levels of mineral metabolites were not associated with any of these randomized interventions (data not shown).
Longitudinal Change in Mineral Metabolites
We performed repeated measurements of mineral metabolites in a randomly selected subcohort of participants at the 24-(n=114), 36-(n=104), and 48-month follow-up visits (n=52). We also repeated the mineral metabolite assessment in all participants at entry into the AASK observational cohort phase, which followed the conclusion of the trial phase. 22 In total, 420 of 809 participants had more than one panel of mineral metabolites performed, 311 participants had two measures, 37 participants had three measures, and 72 participants had four or five measures. Overall, mean levels of FGF23, PTH, and serum phosphate rose over a median of 4 years of follow-up (P,0.001 each), and levels of 25-hydroxyvitamin D declined (P=0.01). The rate of rise in FGF23, PTH, and phosphate was greatest among individuals with more rapid decline in 125 I-iothalamate GFR measured from 12 months postrandomization to the end of the trial phase (mean=7.7 GFR measures per participant), and it was particularly pronounced among participants with baseline GFR,45 versus $45 ml/min per 1.73 m 2 (P for interactions,0.05) ( Figure 1D ) and GFR-adjusted analyses but not after adjustment for the urine protein to creatinine ratio (UPCR) ( Table 3) .
To evaluate for residual confounding by the rate of CKD progression before measurement of mineral metabolites, we performed secondary analyses adjusted for the slope of GFR decline from month 3 to 12 postrandomization (mean=2.3 GFR measurements per participant). Associations between each mineral metabolite and outcomes were unchanged after this adjustment ( Table 3 ). The highest quartiles of FGF23 and serum phosphate remained independently associated with outcomes after additional adjustment for all of the other mineral metabolites, but the association between PTH and outcomes attenuated (Table 3) .
To confirm that the findings using our composite end point were because of associations with CKD progression and not primarily driven by death, we analyzed risk of deathcensored ESRD and death-censored ESRD or doubling of serum creatinine from trial baseline. The point estimates for FGF23, PTH, and phosphate were similar; however, 25-hydroxyvitamin D levels were not associated with the renal end points in unadjusted or adjusted models (Table 4 ). All results were qualitatively similar in sensitivity analyses restricted to the trial phase only and when we analyzed timevarying exposures updated at baseline of the observational cohort phase (data not shown).
Association between Continuous Levels of Mineral Metabolites and Outcomes
To more completely characterize the nature of the relationships between FGF23, PTH, phosphate, and outcomes, we modeled each as a continuous variable using restricted cubic splines ( Figure 1 ). Based on these graphs, we modeled logtransformed FGF23 as a continuous linear predictor and logtransformed PTH and phosphate with piecewise linear splines, including knots at their means (PTH=39.3 pg/ml, phosphate=3.5 mg/dl; both knots significant at P,0.05). FGF23 was associated with a 30% increased risk of ESRD or death per doubling after multivariable adjustment (HR=1.30, 95% CI=1.15-1.47). Neither PTH nor phosphate was associated with outcomes in the lower range, but within their higher ranges, both PTH (HR=1.29 per doubling of PTH.39.3 pg/ ml, 95% CI=1.14-1.45) and phosphate (HR=1.31 per 0.5 mg/ dl higher serum phosphate.3.5 mg/d, 95% CI=1.19-1.45) were independently associated with greater risk in the primary multivariable-adjusted model.
To evaluate for effect modification by CKD severity that has been previously reported, 13 we analyzed continuous models stratified by GFR (GFR,45 versus GFR$45 ml/min per 1.73 m 2 ) and proteinuria (UPCR,0.22 versus $0.22). The association between FGF23 and outcomes was not modified by GFR or proteinuria (P for interactions=0.25 and 0.11). In contrast, the association between PTH in the upper range and outcomes was present only among those patients with higher proteinuria (UPCR$0.22; P for interaction,0.01), and the association between high levels of serum phosphate and outcomes was present only in those patients with lower GFR (P for interaction=0.01).
Risk of Outcomes According to the Number of Mineral Metabolism Abnormalities
Given the independent relationships between FGF23, PTH, serum phosphate, and outcomes, we assessed the association between the total number of these abnormalities at baseline and risk of ESRD or death during follow-up. Clinical characteristics according to the number of mineral metabolite abnormalities are presented in Supplemental Table 2 . The hazard of ESRD or death progressively increased with a greater number of mineral metabolism abnormalities. Compared with participants with no abnormalities, risk was 2.15-fold higher among participants with one abnormality (95% CI=1.61-2.88), 4.79-fold higher among participants with two abnormalities (95% CI=3.58-6.42), and 16.42-fold higher among participants with all three abnormalities (95% CI=8.92-30.22). The increased risk persisted after adjustment for 125 I-iothalamate GFR (HR=3.85 for those patients with three compared with zero abnormalities, 95% CI=1.95-7.58). The overall incidence of ESRD or death was 487/1000 person-years for participants with abnormal levels of all three mineral metabolites, which was qualitatively higher than the incidence among participants with stages 4-5 CKD (Figure 2 ).
DISCUSSION
In this large cohort of African Americans with hypertensive nephrosclerosis, tight BP control, and long-term follow-up, we observed that higher levels of FGF23, PTH, and serum phosphate were associated with greater risk of progression to ESRD independent of directly measured 125 I-iothalamate GFR. In contrast, low levels of 25-hydroxyvitamin D were highly prevalent but not associated with progression of CKD. A novel aspect of this study is the longitudinal assessment of mineral metabolites within individual CKD patients, which showed that the rates of increase in serum levels of FGF23, PTH, and phosphate are tightly linked to the concomitant change in GFR. To our knowledge, this study is the first to document longitudinal changes in multiple mineral metabolites within a large cohort of CKD patients. Another novel finding was that adjusting for the slope of directly measured 125 I-iothalamate GFR during the 9 months before ascertainment of mineral metabolites did not attenuate the results of the outcome analyses. Although we acknowledge that these slope estimates were based on a limited time period and did not account for possible nonlinear trajectories of GFR decline, 25 our findings suggest that abnormal levels of mineral metabolites convey additional clinically relevant information for assessing severity of CKD beyond static and longitudinal trends in GFR that clinicians already monitor routinely. Mechanistically, our data suggest that disordered mineral metabolism is not only a consequence of worsening kidney function, but perhaps contributes to progressive renal injury. Interventional studies are needed to determine whether therapeutic strategies that delay or attenuate the severity of disordered mineral metabolism can slow progression of CKD. Among the mineral metabolites that we studied, elevated FGF23 was most strongly associated with outcomes before and after adjustment for confounders. FGF23 showed a biologic dose-response relationship with graded risk across the full range of values that was robust to all modeling strategies. One possibility is that the strong association that we observed between FGF23 and adverse clinical outcomes is caused by its potency as a marker of kidney function. However, in this study, PTH was more tightly correlated with GFR than FGF23, but FGF23 was most strongly associated with disease progression. A second possibility is that FGF23 promotes renal injury indirectly (for example, by reducing 1,25-dihydroxyvitamin D levels) or through other unknown mechanisms. We were not able to measure 1,25-dihydroxyvitamin D in this study to assess this hypothesis. A third possibility is that FGF23 may induce renal injury directly, analogous to its direct hypertrophic effects on cardiac myocytes. 26 Experimental studies are needed to differentiate between these possibilities and evaluate potential mechanisms of injury.
In contrast to the current study, elevated FGF23 was associated with CKD progression only among participants with estimated GFR.30 ml/min per 1.73 m 2 in the Chronic Renal Insufficiency Cohort (CRIC) Study. 13 There are several potential reasons for this discrepancy. Whereas the CRIC study recruited a racially diverse study population with various etiologies of CKD and a range of proteinuria, AASK included a more homogenous population of African Americans with hypertensive nephrosclerosis and only modest proteinuria, and it specifically excluded participants with diabetes. Mineral metabolism abnormalities are more severe among CKD patients with highgrade proteinuria 27 and diabetes, 28 and therefore, the results of this study may be applicable only to the specific group studied. Alternatively, protocol-based optimization of BP using regimens that featured renin-angiotensin system antagonists may have mitigated the impact of powerful risk factors for CKD progression that were present in the less selected and noninterventional CRIC population. These design elements may have helped to expose effects of FGF23 in advanced CKD that remained hidden in the CRIC study. In support of this view, FGF23 was also associated with progression to ESRD in the randomized Homocysteinemia in Kidney and End Stage Renal Disease trial, which enrolled participants with late-stage CKD only. 14 In the current study, PTH and phosphate were also independently associated with ESRD or death, but in contrast to FGF23, the associations showed threshold effects, with increased risks observed only within their upper ranges. It is possible that the nonlinear shape of these relationships highlights a distinct pathophysiology, in which overt increases are necessary to induce toxic effects. Alternatively, this finding may be because of differences in their corresponding relationships to kidney function. Serum phosphate was previously identified as one of a few baseline predictors of renal outcomes in the AASK study. 20 The current analysis extends these findings by showing nonlinear effects and accounting for other mineral metabolites that are correlated with phosphate. Furthermore, high levels of all three mineral metabolites were associated with risk independent of each other, and therefore, the combination of all three abnormalities was a strong indicator of risk, even after adjustment for directly measured GFR. When interpreting this finding, it is important to recognize that the incidence rate of ESRD or death according to the number of mineral metabolism abnormalities depends on the cut points used to define abnormalities. Although these cut points were prespecified and informed by prior literature and clinical practice guidelines, strong evidence for optimal cut points for these measures is lacking.
Similarly, although the optimal vitamin D level has not been definitively established, the vast majority (95%) of AASK participants had 25-hydroxyvitamin D levels,30 ng/ml, which is the threshold promoted in CKD-specific guidelines. 29 Figure 1 . Association between mineral metabolites and adjusted hazard of ESRD or death. Models were performed using restricted cubic splines with knots at the 10th, 50th, and 90th percentiles. (A) Natural log-transformed (ln) FGF23, (B) ln PTH, and (C) serum phosphate. Solid line represents estimated HR, shaded area represents the 95% CI, and histogram represents the distribution of the mineral metabolite in the study population. Models are adjusted for age, sex, income, prior heart disease, smoking, UPCR, GFR, randomized treatment groups, categories of body mass index, and serum albumin, and they are clustered by clinical center. Coupled with limited use of vitamin D supplements, this cohort provided a unique opportunity to investigate vitamin D deficiency as a risk factor for CKD progression without interference by treatment. In the current study, low levels of 25-hydroxyvitamin D were associated with risk of ESRD or death in unadjusted analyses, but the effect was fully attenuated after adjustment for proteinuria. The latter may be an overadjustment; vitamin D deficiency may promote proteinuria, and higher-grade proteinuria can increase urinary loss of vitamin D bound to its binding protein. 30, 31 However, low 25-hydroxyvitamin D levels were only modestly associated with outcomes before adjustment for proteinuria. Furthermore, low 25-hydroxyvitamin D levels were not associated with death-censored renal end points in any models. This finding suggests that the unadjusted association between 25-hydroxyvitamin D and the composite primary end point was primarily driven by an association with death rather than ESRD. It is important to emphasize that we should interpret these predominantly negative results with caution given that the low number of individuals with normal vitamin D stores in the referent group may have limited our ability to define the true hazard associated with deficiency. Despite this limitation, the clinical implications of low 25-hydroxyvitamin D levels have been questioned in African Americans. 7 The current results emphasize the need for additional outcomes studies specifically in African-American populations.
The CKD staging system was developed to standardize nomenclature as a means to enhance patient care and research. 32 Although more advanced CKD stage is associated with greater risk of adverse outcomes, 33 the prognostic use of the current GFR-based staging system has limitations. Age-related reductions in GFR can introduce false-positive diagnoses of CKD. 34 Compensatory glomerular hyperfiltration that raises GFR can mislead clinicians to underestimate disease severity. Interpretation of GFR is clouded in patients treated with renin-angiotensin system antagonists, which reduce GFR in the short-term period, despite long-term renoprotective benefits. 21 In our study, FGF23, PTH, and phosphate were associated with risk of ESRD independent of directly measured GFR. Although it is yet to be determined if interventions targeting mineral metabolism will improve outcomes in CKD, mineral metabolites may be useful markers of kidney disease severity above and beyond GFR. These findings are consistent with a recent study that documented improvement in ESRD risk prediction in advanced CKD by incorporating measures of CKD complications, including some mineral metabolites. 35 Future studies should investigate whether incorporation of functional measurements of mineral metabolism into emerging diagnostic and therapeutic algorithms might enhance management and outcomes in CKD.
CONCISE METHODS
Study Design and Population
AASK was a randomized trial of BP control strategies in 1094 African Americans with hypertensive kidney disease. Adult participants with UPCR,2.5, and no apparent cause of CKD other than hypertension were enrolled from 1995 to 1998. Full inclusion and exclusion criteria have been described previously. 21 Participants were randomized to intensive versus standard BP control (mean arterial pressure,92 versus 102-107 mmHg) and one of three primary antihypertensive agents (ramipril, metoprolol, or amlodipine) in a 233 factorial design. The primary end point of the trial was the slope of GFR decline beginning at 3 months postrandomization derived from repeated 125 I-iothalamate GFR measurements. Secondary end points were incident ESRD or halving of 125 I-iothalamate GFR from trial baseline. After the conclusion of the trial in September of 2001, 691 participants (89% of eligible participants) who had not developed ESRD continued into a prospective observational cohort phase, during which BP was managed to guideline-driven BP targets according to a common protocol based on the results of the trial. 22 The AASK cohort study was specifically designed to provide additional follow-up of participants initially enrolled in the AASK trial and identify long-term risk factors for CKD progression.
Because of limited sample availability at trial baseline, this analysis included 809 participants who had serum available at the NIDDK Repository for measurement of mineral metabolites at the 12-month follow-up visit of the trial phase. AASK was approved by institutional review boards at each participating institution, and all participants provided written informed consent. This ancillary study was approved by the institutional review board at the University of Miami Miller School of Medicine.
Data Collection
Demographics, medical history, and clinical measurements were collected at study entry. GFR was measured directly as clearance of 125 I-iothalamate at baseline, 3 months, and 6 months and then, every 6 months thereafter throughout the trial phase. Proteinuria was quantified as UPCR. We analyzed laboratory covariates from the 12-month follow-up visit to coincide with the measurement of the mineral metabolism exposures. In 22 participants with missing GFR and 84 participants with missing UPCR measurements at the 12-month visit, we used the closest result within 6 months. To quantify the rate of disease progression before and after the time when mineral metabolites were measured, we used linear mixed models to estimate each participant's slope of GFR from month 3 to 12 postrandomization and from month 12 to the end of the trial phase. The AASK study investigators previously defined the chronic slope of GFR decline beginning at month 3 postrandomization. 21, 24 The first 3 months after randomization were excluded from the slope calculations because of acute changes in GFR after initiation of therapy. We used the 125 I-iothalamate GFR slope from month 12 to the end of the trial phase to categorize rates of CKD progression subsequent to measurement of mineral metabolites as slow, moderate, or rapid (,1, 1-3, or .3 ml/min per 1.73 m 2 per year) according to thresholds used in the literature. 36 We measured serum intact FGF23 (Kyowa Medex, Japan; coefficient of variation [CV],10%), intact total PTH (DiaSorin, Stillwater, MN; CV,5%), and 25-hydroxyvitamin D (DiaSorin, Stillwater, MN;participants with stored samples available at entry into the observational cohort phase. Annual serum phosphate, calcium, and albumin levels were previously measured in all participants.
Exposures and Outcomes
The primary exposures were FGF23, PTH, phosphate, and 25-hydroxyvitamin D. After correction for serum albumin, serum calcium was not associated with outcomes in univariate analyses and therefore, not evaluated further. The primary outcome for this analysis was incident ESRD or death spanning the trial and cohort phases from 12 months postrandomization to June 30, 2007 . ESRD was defined as initiation of dialysis or kidney transplantation. Secondary outcomes included death-censored ESRD and death-censored ESRD or doubling of serum creatinine from trial baseline.
Statistical Analyses
We compared clinical characteristics across quartiles of each mineral metabolite using standard descriptive statistics. Longitudinal changes in mineral metabolites were assessed in those patients with at least two measurements and compared across strata of initial 125 I-iothalamate GFR and rate of 125 I-iothalamate GFR decline after the 12-month visit using linear mixed models. We categorized baseline FGF23, PTH, and phosphate in quartiles; 25-hydroxyvitamin D was classified in quartiles using season-specific cut points. We classified abnormal levels of mineral metabolites as FGF23.50 pg/ml, PTH.65 pg/ml, phosphate.4.6 mg/dl, and 25-hydroxyvitamin D,30 ng/ml. 29, 37, 38 We compared the cumulative incidence of primary and secondary outcomes across quartiles of mineral metabolites using log rank tests, and we performed multivariable Cox proportional hazards analyses to adjust for confounding. We hierarchically adjusted for age, sex, and randomized group; GFR; UPCR; and income, prior heart disease, smoking status, serum albumin, and categories of body mass index in the full multivariable model. All models were clustered by clinical center. In additional analyses, we also adjusted for the slope of GFR before measurement of mineral metabolites to assess the potential confounding effects of the preceding rate of CKD progression followed by adjustment for all other mineral metabolites (serum FGF23, PTH, phosphate, 25-hydroxyvitamin D, and calcium).
In sensitivity analyses, we repeated the main analysis restricting follow-up to the trial phase only (median follow-up=3.5 years) and using time-varying measures of mineral metabolites updated at baseline in the observational phase. We explored the association between continuous levels of mineral metabolites and events using Cox regression with restricted cubic splines after multivariable adjustment and fit-adjusted continuous models including linear spline terms as necessary. We stratified models by GFR (,45 versus $45 ml/min per 1.73 m 2 ) and presence of proteinuria (UPCR$0.22 versus ,0.22) using cut points previously reported in AASK studies. 23, 39 We calculated incidence rates of ESRD or death according to the number of abnormalities in these mineral metabolites that each participant manifested (zero, one, two, or three). We compared these rates with the corresponding incidence rates according to CKD stage (CKD stage 2, GFR$60; stage 3a, GFR=45-59; stage 3b, GF=30-44; and stages 4-5, GFR,30 ml/min per 1.73 m 2 ), assuming a Poisson distribution for variance estimates. We used Cox proportional hazards models to adjust for randomized treatment assignment and GFR. We used Stata Special Edition 11.0 (College Station, TX) for all analyses and considered two-sided a,0.05 significant. PTH and 25-hydroxyvitamin D assays were donated and performed by DiaSorin. FGF23 measurements were performed by Kyowa Medex.
